[1] Lavas from Mahukona, a small Hawaiian volcano on the Loa trend, exhibit major and trace element abundance variations exceeding those in lavas from large Hawaiian shields, such as Mauna Loa and Mauna Kea. Mahukona lavas define three geochemically distinct groups of tholeiitic shield basalt and a transitional group of postsshield basalt. At 10% MgO the tholeiitic groups range from 9 to 12% CaO; such differences in CaO can reflect partial melts derived from garnet pyroxenite (low CaO) and peridotite (high CaO), but the negative CaO-Yb (both at 10% MgO) trend formed by Mahukona lavas is inconsistent with this explanation. Within Mahukona lavas, radiogenic Nd-Hf-Pb isotopic ratios are highly correlated with each other; however, 
Introduction
[2] The Sr, Nd, Hf, Pb, Os and O isotopic variations in oceanic basalt reflect mantle heterogeneity that can be generated via mantle metasomatism [Frey and Green, 1974] , recycling of oceanic [Hofmann and White, 1982] and continental crust [Jackson et al., 2007] into the mantle, or delamination of lower continental crust [McKenzie and O'Nions, 1983] . Lavas forming the 0 to 80 Ma volcanoes along the age progressive HawaiianEmperor hot spot track show both temporal and spatial isotopic heterogeneity [e.g., Lassiter and Hauri, 1998; Keller et al., 2000; Regelous et al., 2003] . Detailed studies indicate that the isotopic heterogeneity of Hawaiian-Emperor lavas is not a result of assimilation of oceanic lithosphere [e.g., Eiler et al., 1996] , but rather reflects geochemical heterogeneity within the Hawaiian plume [Lassiter and Hauri, 1998; Blichert-Toft et al., 1999; Abouchami et al., 2000; Frey et al., 2005; Huang et al., 2005a] , with the exception that the assimilation of oceanic lithosphere into erupted Hawaiian lavas may be important in some West Maui and Kilauea lavas [Gaffney et al., 2004; Garcia et al., 2008] . The intrinsic isotopic heterogeneity of the Hawaiian plume has been interpreted in part as a manifestation of recycled, ancient oceanic lithosphere (including sediments) in the plume [e.g., Hauri, 1996; Lassiter and Hauri, 1998; Jackson and Dasgupta, 2008] .
[3] From the island of Hawaii to Molokai and perhaps extending to Oahu, Hawaiian volcanoes form two subparallel spatial trends, the Loa and Kea trends (Figure 1 ). Lavas from these two volcanic trends show important differences in major and trace element abundances, and isotopic ratios. For example, Abouchami et al. [2005] showed that at a given
Mahukona Volcano and Samples Studied
[4] Transitional and tholeiitic basaltic lavas have been recovered from Mahukona volcano [Garcia et al., 1990; Clague and Moore, 1991a] , with their classification based on a total alkalis versus SiO 2 plot [see Clague and Calvert, 2009, Figure 3] . The tholeiitic basalts represent the shield growth stage of Mahukona volcano, which ended between 410 and 500 ka [Garcia et al., 1990; Moore, 1991a, 1991b; Clague and Calvert, 2009] . Garcia et al. [1990] classified the transitional basaltic lavas recovered from the large cone labeled D18 (Figure 1 ) as preshield stage lavas on the basis of their high 3 He/ 4 He (20 -21 R/R A ) [Garcia et al., 1990; Garcia and Kurz, 1991] . In contrast, Moore [1991a, 1991b] argued that the D18 transitional lavas are postshield lavas based mainly on a different interpretation for the location of the volcano summit. This inference has been confirmed by the relatively young ages of the transitional lavas from the D18 cone (298 ± 25 ka) and from dredge site D6 (310 ± 31 ka) on the west rift zone [Clague and Calvert, 2009] (Table 1 and Figure 1 ). This age range coincides with the transition from tholeiitic shield stage to alkalic postshield stage volcanism at Kohala, the Kea neighbor of Mahukona (Figure 1 ), which occurred between 300 and 260 ka [McDougall and Swanson, 1972; Clague and Dalrymple, 1987] , and is much older than the postshield volcanism at Hualalai (the Loa neighbor of Mahukona; Figure 1 ), which started at 115 ka and is still active [Moore and Clague, 1992; Cousens et al., 2003 ].
[5] Mahukona volcano has been sampled extensively during several cruises over the past 20 years [e.g., Garcia et al., 1990; Clague and Moore, 1991a; Clague and Calvert, 2009] . However, most Mahukona samples have been analyzed only for major element compositions [Garcia et al., 1990; Clague and Moore, 1991a] . In order to better characterize the geochemical compositions of Mahukona lavas, we selected 23 whole rock samples for major and trace element analyses, and 21 of these for Sr-Nd-Hf-Pb isotopic measurements (Tables 1-3 studied samples are given by Clague and Moore [1991a] , while those of the D6 samples are given by Clague and Calvert [2009] .
Results

Major Elements
[6] It is well known that Hawaiian tholeiitic shield lavas exhibit important intershield heterogeneity in major element compositions [e.g., Frey et al., 1994; Hauri, 1996] . For example, at a given MgO content most Mauna Loa shield stage lavas have lower CaO content and higher SiO 2 content than Mauna Kea shield stage tholeiitic lavas ( Figure 2) ; a small group of Mauna Kea glasses (CaO-K 2 O-rich group) have even higher CaO content than other Mauna Kea shield stage tholeiitic lavas [Stolper et al., 2004] . Although Mahukona volcano has a much smaller volume than Mauna Loa or Mauna Kea (Figure 1 ) [Robinson and Eakins, 2006] , whole rocks and glasses recovered from Mahukona show significant compositional variation [Clague and Moore, 1991a] . For example, Mahukona lavas have CaO contents that span the entire range covered by Mauna Loa and Mauna Kea shield stage tholeiitic lavas (Figure 2a) . Mahukona tholeiitic lavas can be subdivided into three distinctive groups in an MgO-CaO plot (Figure 2a ). In detail, Group A tholeiitic lavas have slightly lower CaO content than Mauna Loa lavas, and Group B tholeiitic lavas lie within the region of overlap between Mauna Loa and Mauna Kea shield stage tholeiitic lavas. The Mahukona high-CaO tholeiitic group lavas have CaO contents similar to that of Mauna Kea CaO-K 2 O-rich glasses. Mahukona transitional lavas have CaO contents higher than Mauna Loa lavas, but are within the Mauna Kea shield stage tholeiitic field. In an MgO-SiO 2 plot (Figure 2b ), Mahukona transitional lavas have lower SiO 2 contents than any Hawaiian shield stage tholeiitic lavas.
[7] There is no clear correlation between sample group and sample location ( Figure 1 ). For example, transitional lavas have been recovered from three different locations (D18, D6 and D30) about 20 km apart [Clague and Calvert, 2009] , and both Group A and B lavas were recovered on P5-65 and P5-75 Pisces V submersible dives (Figure 1 ).
Trace Elements
[8] There are also important intershield heterogeneities in trace element abundances and ratios [e.g., Lassiter et al., 1996; Huang and Frey, 2003] . At a given MgO content, Nb and Yb abundances increase in the order of Makapuu-stage Koolau < Mauna Loa < Mauna Kea tholeiitic shield stage ( Figure 3 ). Mahukona tholeiitic lavas also show three distinctive groups in plots of MgO versus Nb and Yb, with Group A having the highest Nb and Yb abundances and the high-CaO group the lowest Nb and Yb abundances (Figure 3 ). In detail, Mahukona Group A tholeiitic lavas have Nb abundances similar to, and Yb abundances higher than, those in Mauna Kea shield stage tholeiitic lavas; Mahukona high-CaO lavas have Nb and Yb abundances similar to those in Makapuu-stage Koolau lavas.
[9] The ratio of Sr/Nb is another important intershield discriminator [Eisele et al., 2003; Abouchami et al., 2005] (Figure 6 ). Mahukona Group B tholeiitic lavas straddle the Loa-Kea dividing line; Group A lavas plot on the Kea side; Transitional lavas  F288HW-D18-6  320  434  299  76  312  129  28  13  88  112  D6-R3  270  404  307  97  347  141  29  12  87  114  D6-R5  442  541  285  86  318  130  27  11  92  111  D6-R6  449  549  282  86  314  129  27  11  85  111  D6-R8  450  559  277  90  317  129  27  11  83  112  Tholeiitic (Figure 8b ), since Yb is buffered by garnet. Partial melts from a spinel peridotite form a convex upward trend in a Nb-Yb plot (Figure 8b ). Herzberg [2006] showed that partial melts from peridotite have CaO contents higher than most Mauna Kea tholeiitic lavas; only the Mauna Kea CaO-K 2 O-rich glasses can be explained as partial melts of peridotite ( Figure 2a ) [Herzberg, 2006] . Consequently, the relatively low CaO content in most Hawaiian tholeiitic lavas may reflect a garnet pyroxenite source [Herzberg, 2006] . A caveat, however, is that the degrees of partial melting in the experiments of Walter [1998] are large (>10%), and lower degree partial melting of peridotite may lead to lower CaO content (e.g., the model lines given by Stolper et al. [2004, Figure 13] ). But recent partial melting experiments revealed that low-degree partial melts of garnet peridotite have high CaO contents [Davis et al., 2008; Balta et al., 2008] . For example, Davis et al. [2008] reported that at very low degree of partial melting, partial melt of a garnet peridotite has [CaO] = 12.1% and Roden et al. [1984 Roden et al. [ , 1994 ; Mauna Kea, Lassiter et al. [1996] and Bryce et al. [2005] ; Mauna Loa, Cohen et al. [1996] and Kurz et al. [1995] ; Kauai, Mukhopadhyay et al. [2003] ; Loihi, Garcia et al. [1993 Garcia et al. [ , 1995b Garcia et al. [ , 1998 10 . These observations can be explained as a mixing trend between partial melts of peridotite and partial melts of garnet pyroxenite, with Makapuu-stage Koolau lavas containing the largest amount of partial melts derived from silica-saturated garnet pyroxenite [e.g., Hauri, 1996; Lassiter and Hauri, 1998; Huang and Frey, 2005; Sobolev et al., 2005 Sobolev et al., , 2007 Fekiacova et al., 2007; Huang et al., 2007] . In contrast, Mauna Kea shield and postshield tholeiitic lavas form a negative trend in a [Yb] 10 -[CaO] 10 plot, and Mahukona lavas overlap with the Mauna Kea trend in this plot (Figure 9 ). This negative [Yb] 10 -[CaO] 10 trend cannot be explained as a result of sampling partial melts of garnet pyroxenite (eclogite). In addition, as discussed above, on Garcia et al. [1993 Garcia et al. [ , 1995b Garcia et al. [ , 1998 ]; Hualalai, Cousens et al. Table 5 . (Figure 11 ).
Geochemistry Geophysics
[19] Second, Bizimis et al. [2003] argued that a carbonatite melt has relatively high Lu/Hf; consequently, with time the typically observed positive [20] Consequently, it is unlikely that the CaO variation within Mahukona lavas reflects varying amounts of carbonatite. Nevertheless, it is likely that CO 2 or carbonate was important during the petrogenesis of the Mahukona shield stage lavas that have relatively high CaO and low SiO 2 contents. A trend of increasing CaO and decreasing SiO 2 contents is also defined by postshield stage lavas erupted at Mauna Kea volcano [Yang et al., 1996] and the rejuvenated stage Honolulu Volcanics erupted at Koolau volcano [Clague and Frey, 1982] . On the basis of experimental studies, a varying abundance of CO 2 in the magma source regions can explain such trends [e.g., Frey and Rhodes, 1993] .
Geochemical Variations Within Mahukona Lavas: Sr Isotopic Ratios
[21] The large isotopic variations of Hawaiian shield lavas reflect geochemical heterogeneity within the Hawaiian plume, which is interpreted to result from sampling recycled ancient oceanic crust (including sediments) [e.g., Lassiter and Hauri, 1998; Blichert-Toft et al., 1999] . Radiogenic isotopic ratios of Mahukona lavas do not define end-members in any isotopic plots (Figures 4-7 Pb* in Mahukona lavas (Figures 5 and 7) . Figure 12c . The plume component is assumed to have primitive mantle-like Sr abundance and Rb/Sr [Hofmann, 1988] [24] We show that up to 1.5% ancient carbonate is required to explain the 87 Sr/ 86 Sr-Rb/Sr trend of Mahukona lavas (Figure 12c ). Assuming the Kilauea-like mantle source has 3.54% CaO, the primitive upper mantle value estimated by McDonough and Sun [1995] , adding 1.5% ancient carbonate will increase the CaO content by $20%, which can significantly increase the (clinopyroxene+garnet)/ (orthopyroxene+olivine) ratio in the source assuming that carbonate sediment reacted with peridotite. (Figure 10b) . Especially, Mahukona Group B tholeiitic lavas show large ranges of 87 Sr/ 86 Sr, Rb/Sr, Sr/Ce and Ba/Sr (Figure 12 ), but they have relatively constant [CaO] 10 (Figure 10b ). How can this apparent inconsistency be reconciled?
[25] Calcium (as CaO) is a major constituent of garnet and clinopyroxene. During partial melting of garnet peridotite, garnet and clinopyroxene are preferentially melted and the CaO content in partial melt is controlled by the amount of garnet and clinopyroxene entering into the liquid phase [e.g., Walter, 1998 ]. Since the partial melting reaction is mostly controlled by pressure and temperature, the proportions of garnet and clinopyroxene entering into the liquid phase are determined by pressure and temperature, but not the (clinopyroxene+ garnet)/(orthopyroxene+olivine) ratio of the starting peridotite. Since the CaO content in partial melt is not sensitive to either the CaO content and the (clinopyroxene+garnet)/(orthopyroxene+olivine) ratio in the starting peridotite, we conclude that (Figure 4) . Because Rb is sensitive to postmagmatic alteration processes [e.g., Roden et al., 1994; (Figures 4 and 14a) .
[27] This negative Rb/Sr-87 Sr/ 86 Sr intershield correlation in Hawaiian shields is better shown in Figure 14b . The mobility of K and Rb caused by alteration in Hawaiian glasses is minimal; consequently, Rb/Sr in glasses represents their magmatic values. In Figure 14b, Dixon et al. [2008] argued that the mantle source of rejuvenated stage lavas from Niihau, Hawaii, was metasomatized by carbonatite melt (<0.2%), which originated from the carbonate in the Hawaiian plume. Thus, carbonates have been proposed to play an important role in the petrogenesis of Hawaiian lavas from different growth stages: the shield stage at Koolau and Mahukona  this study], the postshield stage at Mahukona (this study) and the rejuvenated stage at Niihau [Dixon et al., 2008] . The inference that recycled ancient carbonate-rich sediments are present in the Hawaiian plume is critical to our understanding of the partial melting of the Hawaiian plume, because even trace amounts of CO 2 generated from carbonate significantly lower the solidus temperature of peridotite. In addition, the presence of CO 2 also significantly modifies the major element compositions of the ensuing melts [e.g., Dasgupta and Hirschmann, 2006; Dasgupta et al., 2007] .
Timing of Recycling of Carbonate Sediments
[29] In sections 4.3 and 4.4, we showed that recycled ancient carbonate-rich sediments are present in the Hawaiian plume, which requires that recycling of carbonate-rich sediments into the mantle was occurring early in Earth's history ($2 Ga). Precambrian carbons are common, but we have no constraints on the Sr abundance of the inferred recycled carbonate [e.g., Veizer et al., 1989 ]. In our model calculation in Figure 12c , we used 2000 ppm Sr in the recycled carbonate component, which implies that this carbonate component is aragonitic, instead of dolomitic, in composition. Aragonate precipitation may have been common in the Precambrian [e.g., Grotzinger and Reed, 1983] . If a dolomitic end-member with low Sr abundance ($500 ppm) is used in the model calculation, a larger proportion (up to 6%) of recycled ancient carbonate component is required to explain the observed Rb/Sr and 87 Sr/ 86 Sr ranges in Mahukona lavas (Figure 12c ).
[30] Since Precambrian carbonates are dominated by inorganic CaCO 3 precipitates [cf. Ridgwell and Zeebe, 2005] and deep-sea carbonates were absent in the Precambrian, it is assumed that organically derived carbonate-rich sediments were not recycled into the mantle through subduction zones until the Paleozoic, when a deep-sea carbonate sink began to form because of carbonate biomineralization ($500 Ma) [Ridgwell and Zeebe, 2005 , and references therein]. Although stromatolites, which may have an organic origin, are common in Precambrian carbonates [Grotzinger and Knoll, 1999 , and references therein], they formed in shallow water because photosynthesis was required in their formation in the Precambrian. Consequently, they are not good candidates for recycled carbonates. However, deep-sea carbonates may not be necessary for recycling of carbonates into the mantle. In the Precambrian, carbonate-rich sediments may have been recycled at shallow subduction zones, or by subduction of basaltic oceanic plateaus overlain by shallow water carbonates.
Size of Geochemical Heterogeneities Within the Hawaiian Plume
[31] The geochemical heterogeneity of a Hawaiian volcano is not proportional to its volume. For example, lavas from Mahukona volcano, with a volume of 13.5 Â 10 3 km 3 , have compositional variations similar to those in large Hawaiian volcanoes, such as Mauna Loa (74.0 Â 10 3 km 3 ) and Mauna Kea (41.9 Â 10 3 km 3 ) (Figures 2 and 3) (Figure 15 ). Major and trace element compositions in melt inclusions in olivines from a single lava flow are as variable as those exhibited in whole rocks from different Hawaiian shields [Ren et al., 2005] . Therefore, the size of the geochemical heterogeneities within the Hawaiian plume must be much smaller than the source region of a Hawaiian volcano. Since each Hawaiian volcano is fed from a magma capture zone with a radius ranging from 25 to 34 km [e.g., DePaolo and Stolper, 1996; Ribe and Christensen, 1999; DePaolo et al., 2001; Blichert-Toft et al., 2003; Bryce et al., 2005] , we infer that the upper limit of the size of geochemical heterogeneities within the Hawaiian plume is less than 25-34 km. [2003] argued that the spacing of the geochemical heterogeneities within the mantle source of Mauna Kea volcano is 7-160 km, depending on the radius of the Hawaiian plume conduit. Using Pb isotopic data from the same drill core, Eisele et al. [2003] estimated that the minimum length scale of Pb isotopic heterogeneity within the mantle source of Mauna Kea volcano is 21 to 86 km [see Eisele et al., 2003, Figure 13e ]. On the basis of the depth profiles of Al 2 O 3 /CaO, La/Nb, Sr/Nb and Th/La observed in the Koolau Scientific Drilling Project drill core, Huang and Frey [2005] argued that the sizes of garnet pyroxenites within the mantle source of Koolau volcano is 2.9 to 29 km. (Figure 6 ). The geochemical differences between Loa and Kea trend lavas are inferred to reflect source characteristics, and different models of the geochemical structure of the Hawaiian plume have been proposed to explain the geochemical differences between Loa and Kea trend lavas [e.g., Lassiter et al., 1996; Lassiter and Hauri, 1998; DePaolo et al., 2001; Blichert-Toft et al., 2003; Kurz et al., 2004; Abouchami et al., 2005; Bryce et al., 2005; Herzberg, 2005; Huang et al., 2005b; Ren et al., 2005] .
[34] Two types of plume structure have been proposed to explain the geochemical difference between Loa and Kea trend lavas: a concentrically zoned plume model [Lassiter et al., 1996; DePaolo et al., 2001; Bryce et al., 2005] (Figure 16a ) based on the fluid dynamical model by Hauri et al. [1994] and its modification, a grossly concentrically zoned plume model [Kurz et al., 2004] [Farnetani et al., 2002; Samuel and Farnetani, 2003] (Figure 16c ).
[35] Alternatively, Blichert-Toft et al. [2003] and Blichert-Toft and Albarède [2009] argued that there are both vertical and radial geochemical heterogeneities in the Hawaiian plume. Using the compositional variability of melt inclusions, Ren et al. [2005] presented a variant of this model. The observed geochemical variations in lavas represent the integrated geochemical heterogeneities in both horizontal and vertical directions in the Hawaiian plume [Blichert-Toft et al., 2003, Figure 12] . We note, however, that even though Eisele et al. [2003] and Abouchami et al. [2005] emphasized vertical homogeneity within the Hawaiian plume, they noted that [Abouchami et al., 2005, p Figure 9 ]. Importantly, the elongation of the heterogeneities in all cases remains much shorter than the length of the plume conduit. Consequently, they suggest that the plume conduit should have [Blichert-Toft et al., 2003, p. 199] ''an overall concentric structure . . . with a mobile inner core with little stretching,'' implying vertical heterogeneities within the plume.
[37] In contrast, in the model of Farnetani and Hofmann [2009] , elongated ''spaghettis'' are present in both the edge and the center of the plume [Farnetani and Hofmann, 2009, Figure 4] . This model differs from that of Blichert-Toft and Lassiter et al., 1996; Bryce et al., 2005] . (b) As in Figure 16a but with local Loa-type components in the rim of the plume and local Kea-type components in the core of the plume [Kurz et al., 2004] . The gray rectangles within the blue circle represent Kea-type geochemical heterogeneities in a Loa-type matrix, which dominates the core of the plume, and the blue triangles within the gray ring represent Loa-type geochemical heterogeneities in a Kea-type matrix, which dominates the rim of the plume. (c) A bilaterally asymmetrical zoned plume model [Abouchami et al., 2005] . [38] In fact, vertical heterogeneities have been invoked in many published studies. Bryce et al. [2005] [Bryce et al., 2005, Figure 17 ]. Marske et al. [2007] found that recent lavas from Kilauea and Mauna Loa, which usually have distinctive isotopic ratios of Sr, Nd and Pb, converge to similar intermediate ratios during the time interval from AD 250 to 1400; they interpreted this atypical isotopic similarity of Kilauea (Kea trend) and Mauna Loa (Loa trend) as reflecting an isotopically distinct component simultaneously incorporated into the melting regions of both volcanoes. That is, vertical heterogeneity was invoked. On the basis of the observation that the Loa-type geochemical signature is not present in volcanoes/seamounts older than Koolau, Tanaka et al. [2008] argued that its presence in young (<3 Ma) Hawaiian volcanoes is episodic. Again, vertical heterogeneity was emphasized.
[39] Although Loa and Kea trend lavas show distinctive geochemical signatures, there are examples of the Loa-type signature in Kea trend volcanoes, and vice versa. Abouchami et al. [2005] noted that at Mauna Kea, the HSDP2 ''Kea-hi8'' lavas, which are equivalent to the HSDP2 lowSiO 2 tholeiitic lavas [Huang and Frey, 2003 Figure 13] . Xu et al. [2007a] observed both Loa-type and Kea-type lavas in West Molokai, the oldest Loa trend volcano on the subparallel portion of the Loa and Kea trends (Figure 1) . Xu et al. [2007a] adopted the bilaterally asymmetrical plume model [Abouchami et al., 2005] and argued that during the formation of West Molokai, the direction of the relative motion between the Hawaiian plume and the Pacific plate was changing; consequently, the magma capture zone of West Molokai crossed the Kea-Loa boundary within the Hawaiian plume. This interpretation is consistent with the Loa-like geochemical characteristics of Penguin Bank, a submarine volcano west of West Molokai Volcano [Xu et al., 2007a [Xu et al., , 2007b . (Figures 6 and 9 ). These features cannot be explained by a purely bilateral asymmetrical plume model [Abouchami et al., 2005] . Vertical geochemical heterogeneity can explain the occurrence of Kea-type geochemical signatures in Mahukona volcano.
[41] In summary, in order to explain the observed geochemical variations in modern Hawaiian volcanoes, vertical geochemical heterogeneity has to be called upon in either a concentrically zoned plume model [e.g., Bryce et al., 2005] or a bilaterally asymmetrical plume model [Marske et al., 2007;  this study]. Further, we note that if vertical heterogeneity plays an important role [e.g., Blichert-Toft This inference has important implications for the partial melting of the Hawaiian plume, since CO 2 substantially lowers the solidus temperature of mantle peridotite, and for the volatile budget of Hawaiian lavas. In addition, the requirement of recycled ancient carbonate-rich sediments in the Hawaiian plume implies that carbonate-rich sediments were returned to the mantle through subduction zones in the Precambrian, which has important implications for the global carbon cycle.
[46] 5. Mahukona Group A tholeiitic lavas show distinctive Kea-type isotopic and trace element signatures, a feature inconsistent with a bilaterally asymmetrical plume model. Consequently, vertical heterogeneity within the plume is required.
Appendix A: Analytical Methods
[47] Major and some trace element abundances of most samples were analyzed by XRF at University of Massachusetts following methods modified from Norrish and Chappell [1967] and Norrish and Hutton [1969] , while the D6 samples were analyzed by XRF at Washington State University (Tables 1 and 2 ). Other trace element abundances (Table 3) were determined by ICP-MS at the GeoAnalytical Laboratory of Washington State University following the method of Knaack et al. [1994] .
[48] Strontium and Nd isotopic ratios (Table 4a) were determined on acid-leached samples at Florida State University (FSU) following the leaching procedure described by Huang et al. [2005a] . In detail, $0.2-0.4 g whole rock powders or chips were step-leached using 6N HCl until the acid was colorless or pale yellow. The leached residues were then dissolved using mixed HF-HNO 3 . Strontium and rare earth elements (REEs) were separated from the matrix using cation exchange resin, and Nd was further separated from the other REEs using HDEHP columns. Sr during the course of this study.
[49] Neodymium isotopic ratios (Table 4a) Nd (Table 4a ) on a Triton 1 TIMS at Carleton University following the method described by Cousens [1996] . The data from the two labs (FSU and Carleton) are in good agreement.
[50] Hafnium isotopic ratios (Table 4a) (Table 4a) .
[51] Lead isotopic ratios in 17 Mahukona samples (Table 4b) were determined on acid-leached residues at the Max-Planck-Institut fü r Chemie (Mainz) using the triple-spike technique as described by Abouchami et al. [2000] . Rock chips (0.1-0.2 g) were used for Pb isotopic analysis. To remove contaminants, the chips were first rinsed with deionized water, leached with hot 6N HCl for 1 h, and repeatedly rinsed with deionized water until the water was colorless prior to dissolution. Following dissolution, Pb was separated using the mixed HBr-HNO 3 anion exchange technique. The Pb isotopic ratios were determined on a ThermoElectron Triton 1 TIMS operating in static multicollector mode and corrected for instrumental mass bias using the triple spike technique [Galer, 1999] . The NIST SRM-981 standard was analyzed systematically during the course of data collection and gave, on average, [52] Lead isotopic ratios in six Mahukona samples were also determined on acid-leached residues at FSU, including two duplicate analyses (F288HW-D18-6 and P5-72-1). Pb was separated from the matrix using anion exchange resin and HBr. The Pb isotopic ratios were determined on the ThermoFinnigan Neptune 1 MC-ICP-MS with an ESI Apex 1 nebulizer using the Tl-doping technique . Mass fractionation was corrected using 203 Tl/ 205 Tl = 0.418922. The NIST SRM-981 standard was analyzed every 4-5 samples in order to monitor instrument performance. The Pb isotopic ratios in these six samples are reported relative to the average Pb isotopic ratios of the NIST SRM-981 standard obtained from the MaxPlanck-Institut (Table 4b ). The duplicate Pb analyses between the two labs (Mainz and FSU) exceed the analytical 2s, but are within 0.2% per amu. This discrepancy does not affect subsequent interpretations.
